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Executive Summary
NREL has contracted with Clean Power Research to provide 1-minute simulation datasets of PV systems located at three high penetration distribution feeders in the service territory of Southern California Edison (SCE): Porterville, Palmdale, and Fontana, California. The resulting PV simulations will be used to separately model the electrical circuits to determine the impacts of PV on circuit operations.
The 1-minute simulations incorporate satellite-derived irradiance data with a spatial resolution of nominally 1 km x 1 km and a temporal resolution of 30 minutes. The special resolution is the highest available through existing satellite imagery, and is shown in Figure ES -1 for the Porterville site relative to the size of the modeled PV system.
To obtain the 1-minute data, inter-image interpolations are generated with a "cloud motion vector" method by translating the previous image over time using wind speed and direction. The resulting irradiance data is fed into a PV simulation model to produce power output. As shown in Figure ES -3, the number of significant ramping events is very small, but the magnitude of the highest events is significant. The number of ramping events higher than 50% of PV system rated output per minute is taken as a metric of "significant" ramping, and this is shown for the Fontana site to be 37 events per year. The highest such event is shown in Figure ES -4 with an increase in PV output (caused by a departing cloud) of 2.20 MW per minute, or 75% of the systems rated output.
Through methods such as the one described in this report and demonstrated through the datasets delivered under this project, utility engineers will be able to better predict the impacts of high penetration PV on their distribution circuits. 
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Background
SolarAnywhere is the premier solar irradiance time-series source for all locations within the continental US, Hawaii, Mexico, the Caribbean and parts of Canada. Irradiance estimates are generated using NOAA GOES visible satellite images processed using the most current algorithms developed by Dr. Richard Perez at the University at Albany (SUNY). These algorithms extract cloud indices from the satellite's visible channel using a self-calibrating feedback process that is capable of adjusting for arbitrary ground surfaces. The cloud indices are used to modulate physically-based radiative transfer models describing localized clear sky climatology. SolarAnywhere irradiance estimates have several advantages over ground based measurements including longer histories, lower costs, faster time to market, and the ability to directly produce solar power and variability forecasts.
Clean Power Research works with Dr. Perez and SUNY to capture the latest advances in methodology and improvements to consistently provide the highest quality estimates across the widest variety of site conditions. The models have, to date, provided irradiance estimates for specific sites hourly on a 10 km x 10 km ("Standard Resolution") or half-hourly on a 1 km x 1 km ("Enhanced Resolution") basis that extend from 1998 to the present hour plus seven day advance forecasts. Recent research advances have enabled the creation of 1-minute interpolated data from the 1 km images.
This new data, with a resolution of 1 km x 1 km x 1 minute is referred to as "High Resolution," and under this project is used as the key input to 1-minute PV simulations. One-minute irradiance data such as SolarAnywhere High Resolution and the associated PV simulation model could enable utility engineers to model PV resources on the electric distribution system. With the temporal resolution corresponding to the approximate timeframe of distribution voltage regulators, the data could be used to determine impacts of PV on distribution operations.
Introduction: Three High Penetration Study Feeders
Under the current project, NREL has contracted with Clean Power Research to provide PV simulation support for three high penetration distribution feeders under study in the service territory of Southern California Edison (SCE). The three study feeders, located in Porterville, Palmdale, and Fontana, California, and are mapped in Figure 1 . At each location a large PV system is interconnected to the SCE feeder. Using the High Resolution irradiance data, ambient temperature data, PV plant specifications, and PV simulation methods, minutely PV power generation data can be calculated. The datasets can in turn be used, along with physical component and load data, as inputs into electrical circuit modeling tools. The datasets provide PV output, in MW, for each minute of 2011. This report documents the creation of these datasets and characterizes the systems in terms of ramp rates.
Methods
SolarAnywhere High Resolution data is derived from the same satellite image processing algorithm that generates both the SolarAnywhere Standard and Enhanced Resolutions. However, the High Resolution data uses an added method of temporal interpolation between half-hourly satellite images to create minute-by-minute solar irradiance estimates in SolarAnywhere's current geographic coverage area.
Satellite Images
SolarAnywhere satellite image processing occurs using the most recent version of the Perez model. In 
Cloud Motion Vector Method
To generate the 1-minute irradiance measurements, SolarAnywhere first calculates a wind vector for every Standard Resolution tile using consecutive satellite images. The wind vectors are then applied to the Enhanced Resolution irradiance map to predict movement on a minute-by-minute basis. For forecasting purposes, the prediction is calculated forward up to 60 minutes. For historical generation, the prediction occurs between half-hour segments of retrieved satellite images.
PV Simulations
SolarAnywhere High Resolution data can further be used to simulate PV system generation through Clean Power Research's PV Simulator engine. PV Simulator uses a version of the PVForm model to simulate production from a series of parameters, including irradiance, wind, temperature, installation and equipment specifications. The POAI values are then passed into the selected power output model in order to estimate the energy production of the PV system. Before calculating estimated energy production the temperature of the PV modules are estimated based on the POAI as well the time series wind speed, ambient temperature data provided by the weather data source. Then the 1-minute power output of the PV system is calculated based on the estimated PV module temperature and POAI along with model parameters defining the behavioral characteristics of the PV system as provided in the PV system specification. The model parameters depend on the selected power output model but for example in the case of PVForm the model parameters will consist of quantities such as the module PTC rating and efficiency reduction per degree C as well as inverter average efficiency and kW AC rating.
Once all this processing has been completed the primary output of the simulation is then the estimated 1-minute power of the PV system. In addition to this each stage or processing may also output 1-minute intermediate calculated results (such as POA and AOI).
Delivered Data Sets 1-minute production data
Using the methods described in the foregoing, four data sets of 1-minute PV system power generation were prepared and delivered 3 to NREL. Data files included four columns: 
Hourly irradiance and temperature data
SolarAnywhere Standard Resolution (version 2.2) data was also provided for Fontana and Porterville, including hourly measurements of GHI, DNI, DHI, wind speed and temperature. This data was used for related circuit modeling work.
Data for these two locations was provided between the dates of January 1 2002 
Data Validation
Following the implementation of 1-minute data in SolarAnywhere, studies to validate the model accuracy were conducted. In collaboration with organizations in California, California ISO (CAISO) and Sacramento Municipal Utility District (SMUD), 1-minute data accuracy was validated against highaccuracy, well-maintained ground mounted irradiance sensors throughout the state of California. This validation work falls outside of the current project, but is provided here for completeness.
CAISO stations
Using ground data from four CAISO ground stations, the relative mean absolute error (%MAE) was calculated comparing the SolarAnywhere 1-minute High Resolution GHI data. When comparing the four locations on an individual basis, as seen in Figure 2 , the %MAE decreases from roughly 10% at a 1-minute interval of comparison to a range of 2-2.5% when compared annually. Additionally, the black baseline, marked "Ground (Station 2)", represents the relative error between the second, redundant ground sensor at the same location. This reflects ground measurement error at each location. Having two co-located ground measurement devices also accounts for the shaded green region reflecting the %MAE, as SolarAnywhere 1-minute data was compared to each of the two ground sensors thus creating the high and low accuracy boundaries. 
Analysis
The description of the analysis that follows uses only the Fontana data for simplicity in describing the process. Results for each of the locations are shown in the Appendices.
Missing data
Ramp rates (defined as the absolute change of power output 5 per unit time) were calculated for every minute of the year. By inspection, and it was discovered that some of the highest ramp rates were based on data that appeared to be invalid. This required further investigation. Figure 5 shows the Fontana 1-minute data for the day having the highest ramp rate (the "drop in power" from near full power output to zero). While this behavior is possible in practice-for example due to an inverter malfunction resulting in complete power loss-it is not possible to see a zero output in the middle of the day due only to the presence of clouds. There is always some diffuse radiant energy available, even in the darkest of overcast days. Therefore, this data is clearly missing and should not be included in the analysis 6 .
Upon further investigation, the cause of this error was found to be an aberration in the raw satellite image. As shown in Figure 6 , the image associated with the missing data includes a streak across the image, and Fontana happens to lie directly along the aberrant line. Therefore, in the 30-minute period following this image, the calculated 1-minute data is missing. The images taken in the half hour before and the half hour after this image were not distorted, and the missing data is confined to only this 30-minute period. Analysis of data from each location showed similar cases of zeroed data. The search for such data was not exhaustive and satellite images were not consulted each time. Rather, only the data affecting the highest ramp rates were identified. In each case, two or three of the highest ramp rates were identified as being caused by this problem, and this data was manually excluded from the analysis. The highest ramp rates that that follow for each location reflect data that appears to be correct and unrelated to missing data.
Variability
Daily variability is defined as the standard deviation of the population of one-minute ramp rates during the day, and is calculated as:
Where N is the number of minutes in each day, r i is the ramp rate for the i th minute, and ̅ is the average ramp rate over the day.
Fontana
Daily variability was calculated for every day, and the day with the highest variability, May 29, is shown in Figure 7 . Figure 8 shows the ramp rates at Fontana for each of the 525,600 minutes of 2011. From this we can get a sense of the magnitude of the highest ramping events. The "normal" periods of ramping are difficult to discern, however, so this data is sorted by magnitude and presented as a "ramp rate duration curve 7 " in Figure 9 . This sorting illustrates that the number of significant ramping events is quite small. To further examine and quantify the ramping, we magnify only the top 100 minutes of the year (the top 1% of the year) and normalize ramping as a percent of rated PV system output. Figure 10 shows these minutes, and further defines a "high ramping region" of the curve, arbitrarily selected as covering those ramping events that correspond to an excess of 50 percent of PV system rating. There are 32 such high ramping events, and the largest of these is 2.20 MW per minute, or 75% of the PV System's 2.95 MW-AC rating per minute.
Ramp Rate Duration Curve
This event is shown in Figure 11 . An inspection of Figure 11 also reveals an artifact of the high resolution irradiance data generation process. With the raw image data available in half-hour intervals, the "interpolation" between two images is actually based on a given set of wind vectors and the first image corresponding to a specific time. The second image at the end of the half hour period is not used. Hence the computations can result in a disjoint between the last minute of one period and the first minute of the next. A future improvement to the 1-minute data creation might be to use both images to ensure a smooth transition.
Finally, the ramping statistics for Fontana are summarized in Table 1 . Similar ramping statistics are presented for each location in the Appendix. PV System (approx. dimensions) 
